Optoelectronics applications in two-dimensional transition-metal dichalcogenides (TMDs) are still limited by the weak light absorption, and moreover complex exciton modes are sensitively perturbed by varying excitation conditions, inherent from nature of atomically thin layers. Here, we propose a method of selectively amplifying the primary exciton mode (A 0 ) among complex modes in MoS2 via cyclic re-excitations of cavity-free exciton-coupled plasmon propagations. This was implemented by partially overlapping Ag nanowires on MoS2 monolayers separated by a thin SiO2 spacer. Excitoncoupled plasmons in nanowires re-excite the A 0 in MoS2. The cumulative amplification through cyclic plasmons travels reaches ∼88 times selectively for the A 0 , while excluding other modes of B exciton and multi-exciton by the significantly reduced band-filling effect, without oscillatory spectra implying plasmonic cavity effects. Our cavity-free and selective-mode amplification sheds light on constructing various TMD-plasmonic nanostructure hybrids for light-emitting devices, amplifiers, filters, and optoelectronics.
Two-dimensional (2D) transition-metal dichalcogenides (TMDs) semiconductors have powerful merits for newly rising 2D-optoelectronics in terms of the band-gap tuning by controlling atomic layers and hybridizations, as well as the on-chip integration via direct growth [1] [2] [3] [4] .
Manipulating exciton emissions via controlling light-emitter interactions is the key for exciton engineering [5] . Even so, their inherent drawback for applications is the weak absorption arising from the atomically thin layer [6] . As a promising platform to enhance optoelectronic performances of the TMDs, local-field enhancement effect of localized surface plasmons has been utilized via hybridization with metal nanostructures [1, [6] [7] [8] . However, this approach has been challenging, since a precise engineering for coherent tuning between plasmon resonance and the optical wavelength is required [7] [8] [9] . Although the emission enhancement factor was twice [8] and improved over 10 times with including effects of strain and metallic doping [10] , unwanted problems such as emission peak position and shape changes were also accompanied, let alone understanding of a detail interaction mechanism between surface plasmon polaritons (SPPs) and intricate excitons of TMDs [11] [12] [13] [14] [15] [16] [17] .
In this letter, we propose a cavity-free method to enhance the exciton emission performance without sacrificing peak quality and shape under varying excitation laser powers. Our experimental approach utilized Silver (Ag) nanowire (NW)-MoS 2 emitter hybrids (See Methods Summary in Supplemental Materials [18] ). Ag NW was partially overlapped on monolayer MoS 2 separated by a SiO 2 (10 nm) spacer to prevent band-pinning, doping, and photoluminescence (PL) quenching due to direct metal/semiconductor contact [10, [19] [20] [21] .
Figure 1(a) shows an experimental scheme and side view of sample cross section. The PL image exhibits strong red emission at the laser input positions and NWend [ Fig. 1(b) ], implying that MoS 2 excitons are coupled to SPP propagating along the NW [20, 22] . Figure 1 (c) shows the normalized PL spectra which were deconvoluted using a Lorentzian function and are displayed as A 0 (primary A exciton, ∼1.88 eV), A (multi-excitons, ∼1.84 eV), B (B exciton, ∼2.02 eV) [11, [13] [14] [15] ,and unknown X probably being localized states due to defects or impurities [23] . Only the A 0 observation for On-NW is markedly different from the PL for Off-NW possessing three exciton modes (A 0 ,A , and B ) at all power ranges (5-500 µW). Figure 1(d) summarize the peak characteristics. For On-NW, the A peak position of ∼1.88 eV (A 0 ) remains unchanged but the integrated A 0 intensity drastically increases with laser power. For Off-NW, as a function of laser power, not only the A (A 0 and A ) peak center position is considerably changed but also the A and B intensities drastically increase, whereas the change in integrated A 0 peak intensity is nearly negligible. Notably, the A 0 peak intensity enhancement of On-NW reaches ∼88-fold at 100 µW power. Figure 1 (e) shows a PL spectrum for Off-NW at 10 nW laser power, which is exclusively identified as A 0 via single Lorentzian fitting. This only A 0 emergence under extremely low laser power strongly contrasts with the A and B formations under high laser power as shown in Fig. 1(c) and (d) for Off-NW, which can be explained by band-filling effect [24] [25] [26] . Hot carriers excited by laser are thermalized to the lowest exciton energy level and recombined via emissions. Under low laser power, when the carrier generation rate is slightly higher than the recombination rate, only the A 0 are created. Conversely, under high laser power, when the carrier generation rate is much higher than the recombination rate, the thermalized charges are accumulated from the exciton state edge near the K (K ) point and quasi-Fermi levels are in- creased in electron and hole states. In this situation, the enhanced probability of charge-charge interactions may create complex-excitons, e.g. trion or bi-exciton [14] [15] [16] . Since the A and B peaks follow the similar laser power dependence in intensities [ Fig. 1(d) ], it is probable that A peak is multi-excitons associated with B exciton [16] . The possibility of forming charged-excitons such as trions owing to the intrinsic n-doped features of MoS 2 samples cannot be ignored [14, 15] . Note that the exclusive emergence of A and B excitons only at high laser power in addition to the A 0 exciton explained by the band-filling effect contrasts with absorption spectroscopy results in which both A and B excitons always appeared [13, 27] .
To determine the role of NWs in the A 0 enhancement, the NW length effect was investigated in fully and partially overlapped samples [ Fig. 2(a) ]. The A peak enhancement factors (maximum A peak intensity for On-NW divided by that of Off-NW) were measured for numerous devices [ Fig. 2(b) ]. For fully overlapped samples, the A peak enhancements (mean value of ∼1.3 times) are appreciably negligible with NW lengths (Also see Supplemental Materials Section 1[18]). However, for the partially overlapped cases, the considerable enhancement (∼20 times for x ∼3 µm) behaving exponential decay (∼6 µm) with NW lengths is observed despite the significantly fluctuated data. This large fluctuation is attributed to the varying sample conditions, i.e. NW quality, laser focusing, and SPP reflectivity at the NW-end. The length dependence implies that the selective A 0 enhancement is associated with longitudinal SPP propagation along the NW.
To characterize propagation behaviors of excitoncoupled SPPs in NWs, PL signals for longer NW ( x ∼6.5 µm) were collected at laser input and NW-end positions [ Fig. 3(a) ]. At the laser input position, only the A 0 intensity for On-NW is enhanced with 7-fold enhancement factor compared to that of Off-NW [ Fig. 3(b) ], which behavior is similar to the short NW case as shown in Fig. 1 . This selective enhancement is confirmed by subtracting the PL for Off-NW from that of On-NW and exclusively identified via single Lorentzian fitting [Inset of Fig. 3(b) ]. Interestingly, the log scale plot of the PL curves at the NW-end revealed oscillatory fringes which are apparent at lower energy than the A 0 (< E A0 ), in contrast to the absence of fringes at E A0 [ Fig. 3(c) ]. The dominant A 0 is also visible at the NW-end position under all laser powers [Inset of Fig. 3(c) ]. The SPPs with < E A0 coupled from the A peak tail form Fabry-Pérot cavity modes [20, 28] of poor quality (Supplemental Materials Section 2 [18] ). This formation is observed only at the NW-end and not at the input laser position, since strong A 0 intensity at the input laser position dominates more 30 times than that of the NW-end. Conversely, the SPPs with E A0 are absorbed in the MoS 2 layer after the round trip; thus, the cavity modes are not constructed. Although the SPPs with < E A0 exhibit some cavity effect, eventually they do not contribute to the A 0 amplification owing to no probability of their absorption by the MoS 2 layer.
Remarkably, partially overlapped NWs play a key role in selectively enhancing A 0 peak intensity, and more importantly, such an enhancement becomes more prominent with shorter NW lengths. The input laser generates excitons in MoS 2 and they are coupled to SPPs in the NW, where the SPPs coupled from the input laser are ignored owing to their negligible launching efficiencies [29] SPPs propagate through the NW, and return to their input position after the Ohmic loss in the NW due to imaginary part of dielectric function of Ag and scattering loss at the NW-end [ Fig. 4(a) and (b) ] [28] . The A 0 -coupled SPPs (SPP A0 ) can re-excite the A 0 , as shown in a previous report in which the A 0 position of PL exactly matched that of absorbance [13, 27] . However, the A -coupled SPPs (SPP A ) cannot re-excite the A 0 due to their lower energy. Although the B-coupled SPPs (SPP B ) could potentially re-excite all exciton modes, they can excite only the A 0 [ Fig. 4(c) ]. Since the A and B excitons are generated by the band-filling effect under intense excitation lasers as discussed above (Fig. 1) , eventually they cannot be re-excited by the SPP B having a weaker intensity than laser intensity. After a single round trip along the NW, the intensity of the returned SPPs is expressed as I 1 R =rI ex spp exp(-2x/L spp ) with NW length (x) and SPP reflectivity(r ∼0.25) at the NW-end, where I ex spp , exp(-2x/L spp ), L spp are intensity, Ohmic loss for a SPP round trip, and propagation length of excitoncoupled SPPs, respectively [28] . We assumed that the amplification effect in the NW/MoS 2 overlap side [right side from laser in Fig. 4 (a) ] is negligible. This is rationalized by a strong loss of SPP propagations due to reabsorption in the MoS 2 layer were experimentally demonstrated in the fully overlapped case of Fig. 2 . The PL enhancement via single round trip of SPPs is expressed as
, where g=rexp(-2x/L spp ) is defined as the intensity loss factor and η denotes the energy conversion factor from SPPs to exciton emissions. For the A 0 mode and ∼6 µm NW length, the g value is estimated as ∼9 % when the L spp for A 0 is ∼12 µm (Supplemental Materials Section 3[18] ). The accumulation of selective A 0 enhancements via cyclic round trips of the excitoncoupled SPPs significantly amplifies the A 0 intensity at the input laser position. The n th accumulation of the PL enhancement via the cyclic SPP travels is expressed as ∆PL n =ηI n R =I ex spp n m=1 (ηg) m , where n=V spp t/2x, V spp and t denote the SPP velocity and PL acquisition time, respectively. From comparison between short and long NWs (x s < x l ), the PL enhancement effect can be simply estimated as ∆PL n s >∆PL n l , since g s <g l and n s > n l . Here, the subscripts s and l denote the short and long NW lengths, respectively. This estimation agrees with the experimental result that the PL enhancement in the hybrid becomes more prominent with shorter NW lengths as shown in Fig. 2 . This phenomenon differs from the exciton amplification via plasmonic antenna effect [1, 8, 10] (Also see Supplemental Materials Section 4[18]), or the conventional cavity effect in which excitons travel through NWs with standing waves generally accompanying oscillatory spectra [9, 20, 30] .
Our method for selectively amplifying the primary exciton having the cavity-free tunability can open a shortcut to realize high performance TMD optoelectronics. Moreover, our finding that exciton-coupled plasmons with weak light intensity excite mostly the primary exciton among exciton-complexes provides a deeper understanding of complicated emission behaviors of excitons in various TMDs.
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